Satellite-borne Synthetic Aperture Radar (SAR) has been used for characterizing and mapping in two relevant ice-free areas in the South Shetland Islands. The objective has been to identify and characterize land surface covers that mainly include periglacial and glacial landforms, using fully polarimetric SAR C band RADARSAT-2 data, on Fildes Peninsula that forms part of King George Island, and Ardley Island. Polarimetric parameters obtained from the SAR data, a selection of field based training and validation sites and a supervised classification approach, using the support vector machine were chosen to determine the spatial distribution of the different landforms.
considerable amount of soil, permafrost and geomorphological studies have been carried out in the northern Antarctic Peninsula region which is becoming warmer and more moist (Michel et al., 2006 (Michel et al., , 2012 (Michel et al., , 2014b Navas et al., 2006 Navas et al., , 2008 Simas et al., 2006 Simas et al., , 2007 Simas et al., , 2008 Schaefer et al., 2007; Serrano et al., 2008; Vieira et al., 2008 Vieira et al., , 2010 Francelino et al., 2011; López-Martínez et al., 2012; Moura et al., 2012; Balks et al., 2013; Bockheim et al., 2013) . The relationship between landforms and soil distribution in Antarctica has been addressed in a comprehensive study (Balks et al., 2013) as well as the distribution and changes of vegetation related to permafrost warming Vieira et al., 2014) .
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ACCEPTED MANUSCRIPT 4 Ice-free areas in the South Shetland Islands are marked by paraglacial and periglacial processes and landforms , which influence soil development as well as vegetation distribution (Cannone and Guglielmin, 2010) .
Topography, soil characteristics, vegetation, slope orientation and geomorphology are seen as major factors affecting permafrost occurrence and distribution (Michel et al., 2012 (Michel et al., , 2014b .
Acquiring field data in the harsh environment of the Antarctic Peninsula region is a logistical challenge in many cases. Therefore remote sensing is ideally suited to the region and offers a great potential to identify relief and landscape features as well as changes in areas for which little or no data are available. Studies carried out in Antarctica use different sensors that operate in the optical and microwave range (Magagi and Bernier, 2003; Vieira et al., 2014) . However, the frequently dense cloud cover in Maritime Antarctica limits the application of optical sensors, so that microwave sensors can be the most appropriate option Mora et al., 2013) .
The use of Synthetic Aperture Radar (SAR) images has been implemented in numerous studies for terrain mapping (Grunsky, 2002; Pavlic et al., 2008) , and permafrost mapping (Li and Guo, 2000; Longépé et al., 2009) including within the Antarctic region (Engeset and Weydahl, 1998; Jezek, 1999; Jezek et al., 2003; Koch et al., 2008 Koch et al., , 2009 Schmid et al., 2012) . The use of fully polarimetric information from SAR data increases the ability to interpret and analyze different soil states and relate these to the physical properties of the scattering behaviour on the ground. This behaviour is due to the dielectric properties of the soil or surface cover (Mironov et al., 2005) . Developments of space-borne SAR sensors such as ALOS PALSAR and RADARSAT-2, with fully polarimetric options, have opened up further possibilities for the extraction of information associated with permafrost, glacial and geological surface structures as well A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 5 as the shoreline of islands in the Antarctic region (Koch et al., 2008; Van der Sanden, 2004) . Polarimetric RADARSAT-2 C-band data have been used to determine soil freezing and thawing states, even under distinct dry snow cover (Jagdhuber et al., 2014) .
Research work has been published to illustrate the surface mapping capabilities of RADARSAT-2 and its potential for global exploration applications within the Antarctic region (Scheuchl et al., 2012; Schmid et al., 2012) . This has also been shown by the RADARSAT-2 Antarctica mosaic that was acquired during 2008 (Hillman et al., 2011) .
The landscape of ice-free regions within the South Shetland Islands is influenced by the geological morphostructure and the deglaciation history (Mink et al., 2014 (Mink et al., , 2015 .
Periglacial processes are important in these regions where land surface covers are under the influence of freeze-thaw cycling effects. These contribute to a complex distribution of surface features and influence soil development and vegetation distribution that are closely related to their abiotic and biotic characteristics (Guglielmin, 2012; Guglielmin and Vieira, 2014) . Due to natural changes and anthropogenic influences related to climate change and the increasing activities of scientific studies, the characterisation of the land surface covers that comprise the fragile ecosystems is crucial for the management and conservation of terrestrial ecosystems. In this case, satellite data and spatial data analysis are ideal tools to detect and quantify the land surface cover distribution within remote areas with limited access, and also to identify possible future changes.
The objective of this study is to identify and characterize land surface covers that include periglacial and paraglacial landforms with fully polarimetric SAR C band RADARSAT-2 data in the ice-free regions of Fildes Peninsula and Ardley Island within the northern Antarctic Peninsula region. This included field measurements obtained during several campaigns, in which were studied the most representative surface covers,
extracting information from polarimetric data, and using an additional geomorphological map database to associate the different surface covers with identified landforms.
Study area
Fildes Peninsula and Ardley Island are located in the Southwestern end of King George Island (approx. 62º 11´S-58º 58´W), in the South Shetland Islands, Western Antarctica ( Fig. 1a and b ). Ardley Island is to the Southeast of the peninsula and the closest points between the peninsula and the island are approximately 400 m apart. The peninsula and the island, with extensions of 29 km 2 and 1.2 km 2 , respectively, account for the most extensively snow-free coastal areas in summer on King George Island, most of which is permanently covered by ice. The peninsula is separated at its tip from Nelson Island by Fildes Strait, which is only 370 m wide at its narrowest. It is bounded on its Southeast coast by Maxwell Bay, also known as Fildes Bay, and on its Northwest by the open waters of the Drake Passage ( Fig. 1b and c) . Four scientific stations and one airport are located on the peninsula that is limited by the Collins Glacier to the North (Fig. 1d) .
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Surface cover sites Way points Fig. 1 . The study area a) in Antarctica within the b) South Shetland Islands, on the c) Southwestern tip of King George Island and d) colour composition using elements of the coherency matrix (HH-VV, HV and HH+VV) according to the Pauli decomposition, shows Fildes Peninsula and Ardley Island data using full polarimetric RADARSAT-2 satellite data (© MacDONALD, DETTWILER AND ASSOCIATES LTD. 2009 -All Rights Reserved).
Fildes Peninsula
The climate of Fildes Peninsula is cold maritime, with daily summer temperatures that can be higher than 0º C (Rakusa-Suszczewski, 2002) . A mean annual temperature of -2.2ºC at 10 m a.s.l. has been recorded in Fildes Peninsula in the period 2000-2012 (Michel et al., 2014a) , The average annual precipitation is 687.4 mm for the years 1969 to 2005 (AARI, 2006) and the annual average wind speed is 7.34 m s -1 , which are high throughout the year and reach their highest levels from March to October (Peter et al., 2008) . During summer the total snow cover melts and there are around 122 potential freeze -thaw cycles per year. The summer precipitation, the relative air humidity (80-90%), and the snow melt imply high summer water availability to soils and sediments. are located a series of raised beaches of Holocene age. Existing radiocarbon dates and relative sea-level curves from raised beach and lake sediments for Fildes Peninsula indicate that the uppermost elevated beach dates to ~9000-7000 cal. a B.P. although some data from stratigraphic sections and lake cores suggest a deglaciation as early as ~9500 cal. B.P. (Hall, 2010; Watcham et al., 2011) . Fildes Peninsula was shaped by glaciers during the Pleistocene and part of the Holocene, and glacial landforms are dominant on the North and South highlands with more than 100 lakes generated in glacial overdeepened basins. Later on, small coalescent icefields occupied the emerged lands, occupying the fjords. Maxwell Bay was ice-free at ~5.9 ka and the Fildes deglaciation occurred between 8-5 ka B.P. (Mäusbacher et al., 1989; Simms et al., 2011) ; a period when the periglacial processes and landforms began to be the most important ones.
The geomorphological map (Fig. 2) ) show a distribution of the main periglacial, glacial and marine features. The amount and type of terrestrial vegetation depend on relief, soil moisture content, and the degree of soil enrichment from birds and seals. The region is home to two flowering plants -Antarctic hair grass (Deschampsia antarctica) and Antarctic pearlwort (Colobanthus quitensis). Some areas are densely covered by moss carpets. A total of about 175 lichen and 40 moss species have been identified in the studied area (Peter et al., 2008) .
Methods
An outline of the method applied for this study (Fig. 3 ), was carried out using different data sources. This included detailed field data obtained during the 2012-2013campaign, which served to obtain georeferenced surface cover data, soil and sediment samples, as well as to determine in situ observations of the different processes and forms that are present. Data and thematic maps representing the geomorphology, lithology and geology that were acquired and produced in former field campaigns were also implemented. Remotely sensed Synthetic Aperture Radar (SAR) data that cover the entire region of Fildes Peninsula and Ardley Island were acquired by the Canadian Space Agency on the 8th of March 2014 with the spaceborne RADARSAT-2 (C-Band). This is a fully polarimetric single look complex (SLC) dataset taken with an average incidence angle of 40º and a ground resolution of 4.98 m (azimuth) by 7.34 m (range). The study plots were selected sites with an extension that was adapted to the spatial resolution of the SAR image and where detailed observations as well as samples were obtained ( Fig. 5 ). Further georeferenced waypoints also represented surface areas where observations were taken, however no sampling was carried out. The plot area A (m²) of a single plot was determined taking into account the pixel size P (m) of the SAR sensor and the geometric accuracy (pixels) according to Justice and Townshend (1981) :
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The spatial resolution after the pre-processing of the RADARSAT-2 is a minimum of 10 m. Therefore, considering an area of 30 by 30 m (3 by 3 pixels), the total area calculated with equation 1 is 900 m 2 . A simplified set up of the field plots was carried out using a survey pole, tape measure and compass (Schmid et al., 2016) , where 7 subplots, each of 1 m 2 , are located within an circle using a central point C and situating the N, SE and SW subplots a distance of 3 m and 10 m from the centre, respectively, with an angle of 120º between the corresponding subplots. This configuration is a
tradeoff between representing the surface cover and time spent in the field setting up the plot. Field observations for each plot (estimating stone-size and cover, vegetation cover) and surrounding area were characterized. Soil and sediment samples were taken in the field and analysed in the laboratory.
Cartographic management
Field data were processed and compiled into a georeferenced database using a Geographical Information System (GIS) of all the generated data. GIS techniques were applied to create support layers containing information for the different thematic maps.
Data contained as a topographic map were used to create a digital elevation model (DEM) that was used for the geometric correction of the SAR data. The DEM grid was prepared using the 'Topo to Raster' tool from ArcGIS 10.1 software (ESRI, 2013) .
Source data used as input for the raster processing tool included contour lines (contour interval 5 m), point elevation and hydrological information (streams and lakes) from the topographical map at a scale 1:10,000 of Fildes Peninsula (Instituto Geográfico Militar, 1996) .
Polarimetric SAR data preparation
The fully polarimetric SAR data file was extracted and each polarimetric image is stacked into a so-called scatering vector, meaning that each pixel of the image is represented by a vector. Then a polarimetric calibration and symmetrisation was carried out before a conversion of each scatering vector into a complex (3x3) coherency matrix (T3) which needs to be statistically estimated by first using an image size reduction of a factor 2x2 (summing 2 lines and 2 columns) and then by applying a speckle filter called reduce speckle effect and to allow a better estimation of different polarimetric features, derived from the analysis of the coherency matrix (Lee and Pottier, 2009) .For each pixel of the image, a matrix is extracted and an eigendecomposition is carried out, given a set of 3 eigenvalues and 3 eigenvectors. Then, the different polarimetric parameters are extracted from the eigenvalues and eigenvectors (Lee and Pottier, 2009 ). Furthermore, the normalized form of the eigenvalues (p 1 , p 2 , p 3 ) and the values of the coherency matrix (T) were used with the following 9 parameters: T11, Re(T12), Im(T12), Re(T13), Im(T13), T22, Re(T23), Im(T23), T33). All of these parameters are useful to understand the different SMs that occurred during data acquisition, using fully polarimetric SAR image.
Thereafter, georeferencing of the coherency matrix and decomposition parameters was carried out to associate the backscattering information with the geomorphological features according to the field data and reference maps mentioned above. This included geocoding and terrain corrections that were carried with respect to a DEM with a spatial resolution of 10 m using the Sentinel-1 Toolbox (S1TBX, 2014). A final geometric
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correction was applied with 20 GCPs taken from the topographical map at a scale 1:10,000 of Fildes Peninsula (Instituto Geografico Militar, 1996) . The level of accuracy of the georeferencing was determined with a root mean square error of 0.46 and the final spatial image resolution was 12.5 m. A mask was applied to eliminate the sea surrounding the peninsula before carrying out further image processing.
Supervised classification
The supervised Support Vector Machine (SVM) classifier (Foody and Mathur, 2004a) was used to categorize the different surface covers related to the periglacial environment into several classes according to the different polarimetric features. The SVM classifier is a standard classifier that was considered the best option because of its good performance when the amount of training data is limited (Foody and Mathur, 2004b) and achieves good results even with small training data sets (Melgani and Bruzzone, 2004) . In this case, the SVM is based on the Gaussian Radial Basis Function (RBF) kernel from the e1071 package (Meyer et al., 2016) implemented in the R language (R Development Core Team, 2004) was used. The input data set was made up of the 48 polarimetric decomposition parameters that were stacked and scaled to a range of 0-1.
The scaling was carried out to avoid attributes in greater numeric ranges dominating those in smaller numeric ranges, thus biasing the results (Hsu et al., 2010) . A selection of training sites representing 8 classes, which could be well separated by the corresponding SMs with the RADARSAT-2data, was used in the SVM classifier. For each class, between 8 to 14 training sites (minimum number if pixels per training site was 2) that accounted for a total of 81 sites with a total area of 35156 m 2 (225 pixels)
were selected for the supervised classification according to the following criteria: 1)
Field data from different test sites and the geomorphological map of Fildes Peninsula A C C E P T E D M A N U S C R I P T were chosen to obtain training areas that correspond to specific geomorphological units, 2) interpreting backscattering mechanisms obtained from the different training areas according to the different polarimetric parameters, and 3) combining polarimetric parameters such as H and A to improve the capability to distinguish the different types of scattering processes.
Training sites (Fig. 4) were chosen within areas that covered an average of 3 by 3 pixels (30 by 30 m) ( Fig. 5) corresponding to the spatial resolution of the fine polarimetric image obtained with RADARSAT-2 . These training sites were used to train the SVM classifier. Applying a 10-fold cross-validation on the training data, a penalty parameter C of 8192 and a gamma parameter of 1.953125e -3 were determined with a total accuracy of 88%.
Thereafter a validation was carried out using a confusion matrix to obtain the overall accuracies, estimation of the Kappa coefficient, individual class accuracies as well as producer's and user's accuracy (Congalton, 1991) . A separate set of ground truth sites were used to assess the confidence with which the classification was made. These sites were selected according to reference points acquired in situ. A total of 95 validation sites were obtained for all the classes. Further sites were determined according to data sources from maps Serrano and López-Martínez, 2012) and from remotely sensed optical sensors (Landsat and SPOT). The size of the sites to be considered were found within areas that were at least 3 by 3 pixels in size
Results and discussion
A total of 8 classes were differentiated according to 48 polarimetric parameters that were used (Table 1 ). An example of some of the polarimetric parameters that were used in this work (Fig. 6) show that individual SMs can be associated to different surface cover features that were identified in the ground truth data. there was continuous weak to moderate rainfall (9 mm). This means that the surface covers were wet influencing the backscattering signal that the radar sensor receives. The SE I (Fig. 6d) Training sites were selected according to the type of SM and were related to the corresponding characteristics. These included physical properties such as geomorphological features, associated topography, physical properties such as texture and structure of the terrain surface, and the type of Radar SM ( Table 2 ). The Radar SM is key to separate and map the different surface cover features. This approach is good to retrieve very different SMs that identify contrasting structures and processes, but becomes challenging when there is a lack of contrasting surface covers. The classes represent the principal geomorphological features; however it is likely that certain features will be represented by more than one class. This is the case for classes 1 to 3 where the physical surface variation of the surface materials and their distribution over a small area for these classes can vary significantly. The surfaces such as glacial till and rock out crops (class 4) and ice and snow cover (class 5) and lakes and flooded regions (class 7) have well defined SMs. The classes of exposed glacier ice with irregular structure and sediment accumulation, and surface covers such as stone fields and patterned grounds that may well be influenced by vegetation such as mosses and lichens, have a heterogeneous physical structure which again influence the backscattering of the electromagnetic radiation received by the RADARSAT-2 sensors.
The vegetation cover can be made up of a sparse cover containing lichens and/or moss to a thick coating of moss that may cover entire surface structures as is common on
Ardley Island and on present day and Holocene beaches.
The distributions of the 8 classes were obtained for the land surface area and occupied a total surface area of 33 km 2 (Fig. 7) . The distribution of the gravel and sand deposits of present day and Holocene beaches, and colluvium deposits (class 1) occupy an area of 3.2 km 2 (9.6%). As expected, colluvium deposits are found throughout the region. The drainage areas are the prime location for these types of deposits. The stone cover surface (class 2) that include both pavements and stone fields occupy the largest distribution of 8.25 km 2 (25%). Stone fields are very common above 30 m a.s.l., mainly on the Middle platforms (30-50 m a.s.l.) where poor drainage and permafrost are dominant. In the raised platforms with flat topography, between 20 and 100 m a.s.l., the poor drainage on the platforms and the snow cover melt during summer produce an optimal environment for stone field and patterned ground development, with an increase of patterned ground with altitude.
Patterned ground extensions (class 3) have been identified over a total of 6.7 km 2 ( 20.3%). This coverage is coherent with the geomorphological map (Fig. 2) where it is estimated that patterned ground, including polygons, stone stripes and circles, are the most common periglacial landforms in Fildes Peninsula . These landforms are mainly located above 60 m a.s.l. and are dominant above 90 m a.s.l. They occur wherever landscape stability, clayey substrate and poor drainage are present to sustain moist content (Michel et al., 2014b ). On the North and South Highlands of Fildes Peninsula, circles and stone stripes are the most common periglacial features occupying wide extensions of small glacial overdeepened basins, slopes and higher platforms. Slopes are the domain of gelifluction processes, forming landforms linked to permafrost, such as protalus lobes and a rock glacier, or landforms such as gelifluction and debris lobes, related to frozen ground, all of which are located mainly at altitudes above 50 m a.s.l. As the physical structure and composition of the surface pavement, stone field and patterned ground are similar; the fine separation of the backscattering for these surfaces is more difficult. Patterned ground can also vary widely in size from sub metric size to tens of meter. Therefore, the capability of the identification of patterned ground with the polarimetric RADARSAT-2 data lies mainly in the size of the surface structure and will range from features with about 10 to 25 m. Smaller or larger patterned ground structures will therefore be related to the class with debris structure that include surface pavement and stone fields.
Glacial till and rock outcrops (class 4) have an important extent of 5.3 km 2 (16%).
These features are well defined at the Collins Glacier front and deposits of the retreating glacier in the past. Rock outcrops are found at different locations within the central part of the peninsula and the island as well as at numerous locations around the coast where abrupt cliffs form the raised platforms above 90 m. The common characteristics of these features are the size of the physical structure (> 10 m) and the abrupt surface changes.
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These can include boulders, massive igneous bodies, scarps and crests of hills that may have sizeable crevices and clefts. In this case SMs are well identified in the Radar data due to the abrupt changes of these big surface structures.
The surface covers associated with ice and snow (class 5) and exposed glacier ice with loose sediment cover and affected by surface changes such as crevices (class 6) are 2.4 km 2 (7.2%) and 3 km 2 ( 4.2%), respectively. The former class has a smooth surface with ice formation mainly on the upper part of Collins Glacier and on water bodies as well as snow cover that depends largely on the meteorological conditions. The latter class represents exposed compact ice that forms part of the glacier front with crevices and as protruding ice masses in water bodies. Furthermore, on the lower slopes of the glacier, the ice can also be sparsely covered with rock debris and sediments. A confusion matrix (Table 3) was established with 95 validation points. The overall accuracy obtained for the data was 81% with a Kappa coefficient of 0.78. These values are considered to have a relatively high accuracy (given the difficulty of the classification scenario) and have been obtained for the different classes within a complex mosaic of processes that influence the study region. As a result, there is a heterogeneous mosaic of surface covers that are related to the different SMs that can be identified by polarimetric SAR images such as fully polarimetric RADARSAT-2 data.
It has to be regarded that the work carried out with the polarimetric Radarsat-2 data has provided a qualitative interpretation of the polarimetric parameters of the different surface covers. Although contrasting surfaces between glacial till and rock out crops,
ACCEPTED MANUSCRIPT
27 the stone covers and smooth surfaces such as lakes are well interpreted. However, more small changes in the structure and composition of surface covers would need data of higher spatial resolution.
Within the pre-processing chain of the polarimetric data there are a series of important issues to address, which include the application of the polarimetric speckle filter. In this case, so called texture information can be lost if the filter is not applied with the correct limits set to obtain the optimal information from the data. Furthermore, the geometric correction of the data is a further important step, to be able to associate external data to the SAR data. It is essential to have a good set of ground truth data as training sites for the supervised classifier as well as for the validation of the results. A careful selection of the training sites representing the chosen classes is time consuming and needs a thorough knowledge of the geomorphological processes that influence the surface structure of the different land surface covers. The field methodology in this work made it possible to separate the main surface cover features. Although features such as the class of stone covers representing surface pavement and stone fields and the class patterned ground, as well as to some extent the gravel and sand deposits, can vary greatly and often subtle changes in their physical composition is what separates them from each other. For these features, it was a challenge to obtain the corresponding information using the RADARSAT-2 data and applying advanced polarimetric techniques for Fildes Peninsula and Ardley Island within the northern Antarctic Peninsula region.
Conclusions
This paper has evaluated the use of fully polarimetric RADARSAT-2 data and processing techniques to successfully characterize the periglacial ice-free surfaces on The proposed methodology used the polarimetric RADARSAT-2 data within a region where ample field and cartographic data were available. This included constructing a georeferenced data base with all the available data for the pre-processing and processing steps to improve the extraction of information from the acquired SAR data.
The coherency matrix T3, polarimetric parameters extracted from the H/A/ decomposition and the supervised SVM classifier were considered as a robust combination to determine the spatial distribution of the different geomorphological surface covers. Key was to have a set of field based training and validation sites to differentiate the classes representing different surface covers influenced by periglacial processes as well as associated landforms. Classes with smooth surfaces as well as those influenced by abrupt changes represented by surface and multiple SMs were identified with a high degree of accuracy. Acceptable results were obtained for the periglacial landforms dominated by surface and volume SMs and are considered as important features representing the ice-free landscape.
These results of characterizing ice-free areas are considered important within a highly dynamic area such as the Antarctic Peninsula region were direct accessibility in the field is often limited. It is anticipated that the utilization of RADARSAT-2 data and the techniques undertaken in this research can be easily extrapolated to other similar regions where the same processes can be studied. Furthermore, these results form the basis for comparisons with any past studies and possible future monitoring with advanced new radar sensors.
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